Introduction {#Sec1}
============

Leakage of contaminated subglottic secretions alongside the cuff of an endotracheal tube (ETT) is the main path taken by pathogenic micro-organisms to invade the lungs of mechanically ventilated patients. Endobronchial bacterial colonization may subsequently evolve into ventilator-associated tracheobronchitis or ventilator-associated pneumonia (VAP) \[[@CR1]\]. Cuff pressure control, semi-recumbent patient positioning, oral hygiene, and continuous application of positive end-expiratory pressure (PEEP) have already proven beneficial as VAP prevention measures \[[@CR2]\]. However, designing a "leakage-free" ETT still remains an important challenge \[[@CR3]\].

We have developed a prototype ETT (UK patent 1015078.7 and US patent 61/381,792) which prevents secretion inflow based upon a concept of \"pressurized tracheal sealing\". Briefly, this novel ETT is double-cuffed and equipped with a supplemental port in the space between the cuffs (Fig. [1](#Fig1){ref-type="fig"}). ETT and cuffs are made of polyvinylchloride. Both cuffs are cylindrical and have a high volume--low pressure design. A positive pressure, created and regulated by an external source, is continuously presented to the intercuff space (ICS) and propels secretions upwards towards the oropharynx. We previously demonstrated superiority of this ETT above currently commercialized ETTs in preventing leakage of secretions in a vertical syringe model and in an artificial trachea \[[@CR4]\]. The current study intends to investigate this novel "pressurized sealing" concept in a cohort of mechanically ventilated critically ill patients.Fig. 1Schematic representation of the prototype endotracheal tube. The inflated cuffs delineate an intercuff chamber or space (arrows). Total length from tip to proximal cuff is 70 mm

Materials and methods {#Sec2}
=====================

We conducted an interventional pilot study in the intensive care unit (ICU) of the University Hospital Brussels. The study was registered at <https://www.trialregister.nl> (NTR 4428). The study protocol was approved by the Institutional Review Board of the University Hospital (file no. BUN 143201318818) and performed in accordance with the Declaration of Helsinki. Informed consent was obtained from the patient's next of kin.

12 patients were consecutively enrolled, electively intubated, and continued on pressure-controlled or -assisted (continuous positive airway pressure (CPAP) plus pressure support (PS) ventilation. Correct placement of the ETT was confirmed and repeatedly checked on chest X-ray. Cuff pressures were permanently kept at 25 cmH~2~O by an automated digital cuff pressure manometer (VBN cuff controller, VBM Medizintechnik GmbH, Sulz am Neckar, Germany). An external device (Respironics REMstar, Phillips, Herrsching, Germany) delivered CPAP to the ICS via the port in-between cuffs. The flow generated by the CPAP source was continuously measured (Mass Flow Meter 4040, TSI, Minnesota, USA). Ventilator settings were not changed during the study. At zero flow, ICS pressure equalled the working pressure (16 cmH~2~O) of the external CPAP device. An increase in flow was associated with lower ICS pressure due to resistance at the entrance of the flow conduit into the tube. When ICS pressure exceeded working pressure, air flow reversed and left the circuit through the CPAP device. Overall, ICS pressures were maintained between 10 and 15 cmH~2~O.

Following thorough aspiration of upper and lower airways, 2 mL methylene blue diluted in normal saline was instilled through a bronchoscope above the vocal cords. Bronchoscopy was again performed 1 and 24 h after instillation. Leakage was confirmed if, on any occasion, blue dye stained the tracheal mucosa caudal to the tip of the ETT. All patients were in semi-recumbent position with the head of the bed elevated to 30°, except when being turned, washed, or undergoing bronchoscopy. Closed tracheal aspiration was performed whenever required. Oral mouth wash was administered two times daily. Recruitment manoeuvres (either by increasing PEEP or augmenting tidal volume) were not routinely performed but randomly assessed in all patients on controlled ventilation. In- and expiratory tidal volume, airway pressures, and effect of common manipulations (tracheal aspiration, recruitment manoeuvres, physiotherapy, catheter placement, ...) were recorded. At the end of the study, patients were continued with the investigational tube but without "pressure sealing" and followed until extubation.

Results {#Sec3}
=======

Throughout the study, seven patients remained ventilated in pressure control mode and five subjects received CPAP/PS. No ETT displacement or disconnection was observed. In no patient, blue dye was seen beyond the ETT tip. Moreover, no dye leakage along the proximal cuff was observed.

During controlled ventilation, ICS pressure was supported by PEEP during expiration and by the peak inspiratory pressure (PIP) during inspiration. The lowest ICS pressure was recorded at end-expiration. PIPs above 20 cmH~2~O increased ICS pressure above the working pressure of the CPAP device. During spontaneous breathing, inspiration created a slightly negative pressure below the tube which sucked air from the ICS. The resulting fall in ICS pressure was immediately compensated by an increased flow from the CPAP device. Expiration increased pressure under the tube tip and subsequently in the ICS. Flow from the CPAP device decreased accordingly.

PS levels up to 5 cmH~2~O were associated with a negative pressure under the tube at inspiration which attracted air from the ICS even in the presence of high PEEP levels. A PS above 5 cmH~2~O created sufficient pressure below the tube with lowest ICS pressure values recorded at end-expiration. Interaction between airway pressure, ICS pressure, and CPAP flow is depicted in Fig. [2](#Fig2){ref-type="fig"}.Fig. 2Schematic representation of evolution and interaction of airway pressure (continuous line), intercuff space (ICS) pressure (straight dotted line) and flow from the CPAP device (spherical dotted line) during controlled and spontaneous ventilation. During controlled ventilation, ICS pressure rises with peak inspiratory pressure and CPAP flow decreases. During (PEEP-supported) expiration, ICS pressure decreases and CPAP flow increases accordingly. During spontaneous breathing (sustained by a pressure support up to 5 cmH~2~O), inspiration draws air from the ICS. The resulting decrease in ICS pressure is promptly restored by an increase in CPAP flow. Expiration produces the opposite effect. At pressure support levels above 5 cmH~2~O, pressures and CPAP flow follow the same pattern as in controlled ventilation

In controlled ventilation mode, pressure under the tube became lower than ICS pressure during expiration. This caused more air flow to the lungs as reflected by a slightly higher expiratory tidal volume. During spontaneous and assisted ventilation, ICS pressure exceeded airway pressure. Air moved during inspiration from the ICS to the lungs. This provided support for spontaneous breathing but was not added to the inspiratory tidal volume. All documented changes in pressure and flow had no impact on ventilator settings. Tracheal aspiration and recruitment raised ICS pressure but this was immediately compensated by a reduction or reversal of airflow. Catheter management, patient positioning, and physiotherapy did not influence ICS. No adverse or unwarranted effects related to the ETT were noticed.

Discussion {#Sec4}
==========

The present study adds clinical proof to previous experimental findings demonstrating a 100% sealing effect of this prototype ETT. During a 24 h-period, no leakage of dye was observed past the cuffs in patients receiving controlled or assisted ventilation. Patients were easily intubated and the tube remained well in place during patient mobilization, nursing manoeuvres, physiotherapy, and technical acts. The pressurized sealing effect did not significantly interfere with airway pressures and only slightly increased tidal volume. Pressure swings in the ICS were rapidly anticipated and corrected by the CPAP system.

The presence of an ETT increases susceptibility to VAP because bacteriologically contaminated secretions leak around an inflated ETT cuff \[[@CR5]\] and/or biofilms infested with bacteria are formed inside the ETT \[[@CR6]\]. In addition, patient disconnection from the ventilator, either accidentally or preparing extubation, or cuff deflation may cause inflow of secretions. Measures to avoid leakage and aspiration include the use of specific cuff materials (e.g., polyurethane), cuff shapes (e.g., conical), continuous automatic maintenance of cuff pressure, and ETTs equipped with a suction lumen for aspiration of subglottic secretions \[[@CR7]\]. Silver-coated ETTs may limit bacterial colonization and biofilm formation in the lumen of the ETT \[[@CR8]\]. Comparative trials assessing these specifically designed ETTs have shown a decreased aspiration risk, a lower VAP incidence, a decreased ventilation time and a delay in VAP onset \[[@CR9]-[@CR11]\] but no effect on duration of mechanical ventilation, ICU stay, or hospital stay \[[@CR12], [@CR13]\]. A main issue is that, regardless of the type of inflow prevention incorporated in an ETT, some leakage still occurs along the cuff folds \[[@CR14]\]. Moreover, important safety concerns remain. Subglottic suctioning may cause pharyngeal and laryngeal injury \[[@CR15]\] and condensation in polyurethane-cuffed ETTs leads to erratic manometric cuff pressure readings \[[@CR16]\].

Double-cuffed tubes are sporadically used to prevent tracheal mucosal pressure lesions by alternating cuff inflation during prolonged intubation \[[@CR17]\], to enhance airway protection by occupying the spaces above and below an open larynx ("anchoring" effect), or to allow specific endobronchial treatment (e.g., laser therapy) \[[@CR18]\]. Hwang et al. designed a double-cuffed tracheal tube similar to ours but filled the intercuff space with a water-soluble gel. Applying this interrupting gel layer prevented fluid leakage for 48 h in a bench-top model \[[@CR19]\]. This ETT was never tested in vivo because prolonged exposure to the gel components might harm the tracheal mucosa. In a later study, the same investigators connected a pressure system to the intercuff port. Application of appropriate negative suction pressures in the intercuff space completely inhibited saline leakage past the cuffs \[[@CR20]\]. However, cuff length of this ETT prototype was too long to allow safe clinical use.

Our study has some important limitations. First, normal saline mixed with methylene blue was used as surrogate for subglottic accumulation of secretions. This allowed adequate visualisation but findings might have differed if liquids with heterogeneous visco-elastic properties or higher viscosity were used. Second, occurrence of VAP is tightly correlated with bacterial load. Methylene blue as marker of leakage does not allow quantitative evaluation of microaspiration. Other markers (e.g., pepsin or amylase) present in tracheal secretions can overcome this limitation in a clinical setting \[[@CR21]\]. Third, the sealing efficacy of the ETT was studied for only 24 h. It remains to be proven whether complete sealing persists when patients remain longer ventilated.

In conclusion, a prototype double-cuffed ETT, offering "pressurized sealing" of the trachea, safely and effectively prevented leakage during 24 h mechanical ventilation. The current findings justify further evaluation of this novel ETT in patients ventilated for longer time periods with occurrence of VAP, safety, and cost-efficacy as primary endpoints.
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